This study was conducted to investigate the use of post-consumer corrugated board in controlled low-strength material (CLSM) applications. Corrugated fiberboard (termed corrugate), which constitutes a significant fraction of the municipal solid waste stream in the United States (approximately one third by weight), was used as a partial replacement for fine aggregate in CLSM at aggregate replacement ratios ranging from 0 % (i.e., control) to 6 %. The corrugate was fiberized (i.e., repulped) in a blender prior to being mixed with other constituents in the CLSM. The density, air content, and flow consistency of the fresh CLSM were determined, and bleeding was qualitatively assessed. Also, the unconfined compressive strength was determined for the resulting mixtures at different test ages. As the corrugate content increased, air content and water demand increased, density and compressive strength decreased, and some mixtures exhibited excessive bleeding. Corrugated fiberboard was determined to be effective as a fine aggregate replacement to produce mixtures with 28-day compressive strengths within the range for excavatable CLSM.
The addition of byproduct materials may require the adjustment of mixture proportions due to changes in the specific gravity and other properties of the byproducts. Poor mixture proportioning of CLSM can lead to excessive bleeding [14, 18, 19] and fluidity issues [15] .
This investigation was conducted to evaluate the innovative use of corrugated fiberboard (referred to as corrugate) as an aggregate replacement for CLSM mixtures. Paper and paperboard constitute the highest fraction by weight and volume of municipal solid waste generated (33 % by weight) and disposed in landfills (22 % by weight) in the United States [23] . In 2007, the total amount of paper and paperboard generated in the United States was 83
x 10 6 tons, and the amount disposed of was 37.8 x 10 6 tons [23] . Due to its high strength to weight ratio, corrugated packaging is poised to be the leading choice for transport packaging in the United States [24] . Approximately 80 % of the paper-based packaging used is corrugated fiberboard shipping containers [24] . Corrugated fiberboard, which is widely used in the manufacturing of corrugated boxes and shipping containers, is a paper-based material consisting of a fluted containerboard sheet and at least one flat linerboard sheet. The use of recovered paper in the manufacturing of containerboard has remained nearly stable (at approximately 16 x 10 6 tons) since 1997 [25] . Therefore, a practical limit for incorporating waste paper into containerboard has been reached according to the paper industry. The beneficial reuse of corrugated fiberboard in geotechnical engineering and construction applications is not common [26] . Innovative reuse applications (beyond the packaging industry) need to be investigated in order to promote the beneficial reuse of paper products.
[ Table 2 ]
Experimental Test Program

Materials, Mixture Proportions, and Mixing Procedures
The CLSM mixtures were prepared using cementitious materials (cement or cement and fly ash), fine aggregate, water, and fiberized (i.e., repulped) corrugate. Details of the materials used in the test program are provided in Tables 3 and 4 . The baseline mixture design was based on a sample mixture design provided by the Ohio Department of
Transportation [1] . The cementitious materials content was identical to those of the sample mixture design, and the fine aggregate content was adjusted to account for differences in the Adjustments to the water content were made based on aggregate absorption and moisture content. Water masses equal to those of the baseline mixtures were used as a starting point for mixtures containing corrugate. Water was added as needed to reach equivalent flowability as compared to the baseline. The amount of added water was recorded to calculate the actual batched proportions (reported in Table 5 ). A similar approach was used previously by Cheung et al.
[19] to prepare CLSM mixtures with shredded rubber tires used as a fine aggregate replacement.
Prior to the preparation of the test batches, individual materials were weighed and sealed in buckets in order to prevent changes in their moisture content. After the corrugate was fiberized, the pulp was allowed to drain in order to remove some of the excess water. The mass of the corrugate and the total pulp mass were recorded to determine the effective water content of the pulp. Some but not all of this water was assumed to be available as free water in the CLSM mixture.
Materials were mixed in a Multiquip rotary drum mixer (MC64PE) for full-scale batches and in a mortar mixer for small-scale batches. Materials were added in a manner consistent with the order provided by the ACI [1] . First, approximately half of the aggregate and approximately 75 % of the mix water were added. After mixing for several revolutions the cementitious materials were added, followed by the remaining aggregate and the balance of the mixing water. For mixtures with corrugate, the water content of the pulp was close to, if not in excess of, the baseline water content. For these mixtures, the addition of the fiberized corrugate-water blend was adjusted so as to follow the procedure described by the ACI [1] .
Testing Procedures
Fresh Batch Tests-The fresh batches were tested for flowability, bleeding, density, and air established as the minimum threshold for acceptance [1] . An additional criterion used to assess flowability relates to the lack of excessive bleed water and segregation in a test material. In cases in which excessive bleed water was observed, no additional water was used, and the cylinders were cast for strength testing.
Bleeding was qualitatively assessed based on the procedure reported by Cheung [37] . Bleeding was considered excessive if substantial bleed water was observed immediately after placement.
Severe bleeding refers to substantial bleed water in the 20 min following placement. Moderate or minor bleeding referred to less pronounced bleeding that was not likely to detrimentally affect the properties of the CLSM.
The density of each test batch was determined according to ASTM D6023 [38] . The mold used for density measurements had a volume of 7079 cm 3 (0.25 ft 3 ). The air content was determined using a pressure meter according to ASTM C231 [39]. This method was selected because the air content could not be calculated using the amount of materials included in a given mixture, due to the uncertainty in the amount of water absorbed by the corrugate.
Strength Tests-After the materials were mixed and fresh batch tests were conducted, 150 mm x 300 mm cylinders were prepared in accordance with ASTM D4832 [40] . Six specimens were prepared for each full-scale batch for replicate testing at 7, 14, and 28 days.
For small-scale batches, two cylinders were prepared for testing at 28 days. Specimens were removed from the molds by cutting the molds. Unconfined compressive strength tests could not be conducted on some weak specimens that were damaged during removal from the molds.
Subsequent to removal from the molds, specimens were capped with Hydrostone plaster to provide a smooth bearing surface. Plaster was selected as the capping material to avoid damaging weak specimens, which can occur with sulfur capping compounds. Compression tests were conducted in accordance with ASTM C39 [41] using a loading rate of 100 kPa/s.
Results and Discussion
The results of the test program are summarized in Table 6 . In general, the addition of corrugate resulted in lower densities for the CLSM mixtures. This was attributed to the combined effect of the lower specific gravity of the corrugate as compared to fine aggregate and the increased entrapped air in the mixtures. Plots of density and air content versus corrugate content are presented in Figs. 2 and 3 , respectively. The addition of corrugate resulted in the use of higher water contents than in baseline mixtures to maintain acceptable flowability (Fig. 4) . The increased water demand was attributed to both the water absorption 
Conclusions
This investigation was conducted to determine the feasibility of using corrugated fiberboard in CLSM applications. Corrugate was used as a fine aggregate replacement in the preparation of CLSM mixtures. Based on the results of the experimental test program, the following conclusions were drawn:
• As the corrugate content increased, the air content and water demand increased, the density and compressive strength decreased, and some mixtures were observed to exhibit excessive bleeding.
• The differences in engineering properties between the baseline mixtures and mixtures with corrugate were attributed to corrugate characteristics including low specific gravity, high water absorption capacity, and high organics content, as well as the presence of a fibrous matrix that influenced entrapped air and flow characteristics.
• Corrugate may be used to replace up to 1 to 2 % of fine aggregate while maintaining appropriate engineering properties for excavatable CLSM. Selected mixtures with replacement ratios of up to 1 % were economically beneficial, with approximately 7 to 13 % material cost savings.
• Overall, CLSM applications provide a new and potentially viable beneficial reuse alternative for paper/paperboard products, which constitute a significant fraction of the municipal solid waste stream in the United States.
